Wetting and sticking of soda-lime glass on two types of stainless steel as well as on platinum and vitreous carbon substrates are studied in a neutral gas atmosphere between 860 and 1200
Introduction
A major problem in glass container production is sticking of the glass on metallic molds. As a consequence, in glass molding by pressing or centrifugation [1] , the selection of process parameters such as mold temperature or cooling rate is strongly influenced by the requirement of non-sticking. In the open literature there is no satisfactory theory explaining the mechanism of glass sticking in such processes. Although several studies of mold material wetting by molten glass have been published, (see for instance [2, 3] ), to the best of our knowledge no theory exists relating sticking with wetting and glass-mold interfacial interaction. It is not possible to formulate such a theory at present because a divergence of experimental results exists concerning the effect on sticking of material parameters such as the mold surface chemistry and roughness [4] [5] [6] [7] . One main reason explaining this divergence is the lack of standard experimental techniques to quantify sticking. This study is a contribution to the subject based on sessile drop wetting and sticking experiments. The results are supplemented by chemical and morphological characterization of mold and glass surfaces in contact. The glass of this investigation is soda-lime glass, which is the most widely used in production. The substrates simulating mold materials are two common stainless steels. Some additional experiments are also performed with platinum and vitreous carbon substrates. Platinum is used as a noble metal reference, while vitreous carbon enables the simulation of mold lubrication, which is often practiced in glass container production. Experiments are carried out in a pure helium atmosphere.
The wetting experiments are performed by the "transferred drop" version of the sessile drop technique, enabling fully isothermal spreading kinetics to be monitored. Sticking is investigated by measuring, during cooling below the vitreous transition temperature (T g ), the temperature (T d ) at which the "solidified" glass drop spontaneously detaches from the substrate. The chemistry of substrate and glass surfaces after separation is determined using scanning electron microscopy (SEM) with energy-dispersive X-ray (EDX) spectroscopy. The topography of these surfaces is determined by two complementary techniques, namely surface profilometry and atomic-force microscopy (AFM), so that features at different scales from 1 nm to several m can be detected. The study parameters are the temperature between 860 and 1200 • C as well as the surface chemistry of the steel, oxidized and unoxidized. The experiments were carried out with smooth substrate surfaces (average roughness of a few nm). For comparison purposes, experiments were also performed on rough substrate surfaces (of average roughness around 1 m).
Experimental procedure
The glass used in this investigation is common soda-lime glass. Its composition is Na 2 O 13.4, CaO 10.9, MgO 1.4, Al 2 O 3 1.6 and SiO 2 balance in wt.%. For the wetting and sticking experiments the glass mass was set at around 100 ± 3 mg to minimize gravity effects on drop shape and to favor refinement of the glass, as described below.
Among the different mold materials used in glass container production, two widespread stainless steels were selected, commercially designated as RNOS and X25V. The average value of their Young's modulus (E) and thermal expansion coefficient (α) in the range from 20 to 500 • C are given in Table 1 together with their chemical composition. The steel substrates were 20 mm in diameter and 3 mm in thickness. In addition to stainless steel, pure platinum (Pt) and vitreous carbon substrates (Cv) were used. The 99.95% pure platinum sample was a 15 mm × 15 mm square with a thickness of 1 mm. The vitreous carbon sample was a 20 mm × 20 mm square with a thickness of 3 mm, with no open porosity and an ash content less than 50 ppm. All steel, Pt and vitreous carbon substrates were polished to an average final roughness of 2 nm. Experiments were also performed using micro-blasted X25V surfaces having an average roughness of 1.3 m.
In the classical sessile drop technique, a piece of glass is placed on the substrate surface, then heated to the wetting temperature (T w ). A preliminary experiment was performed using this technique for T w = 960 • C. During heating the glass started to change shape above about 600 • C. The wetting process was nearly finished once T w had been reached. Clearly, this technique is not suited to studying the isothermal wetting kinetics of glass. Therefore experiments were carried out using the "transferred drop" variant of the sessile drop technique. In this method the glass is melted on an inert auxiliary substrate, heated to the wetting temperature and then transferred by capillary contact to the substrate to be wetted. Another advantage of this technique, as will be seen below, is that the molten glass on the auxiliary substrate can be refined before transfer. The experiments were performed in a metallic furnace. The atmosphere was of helium purified through a Zr-Al alloy of high specific area to maintain the oxygen partial pressure below 10 −9 Pa. The furnace consisted essentially of a molybdenum resistance fitted with windows enabling direct illumination of the sessile drop on the substrate. The spreading process was filmed by a video camera connected to a computer on which the images were stored. After the experiment, the contact angle θ and the drop base radius R were measured directly from the recorded images. The angle measurement was based on the tangent method using suitable software. The accuracy was ± 3 • for θ and 2% for R.
The glass sample was taken from a large piece of glass, taking care to avoid large defects (cracks or gas inclusions) inside the sample. The sample was ultrasonically cleaned with acetone, then introduced inside the furnace onto a flat vitreous carbon substrate. The latter was chosen as the auxiliary substrate because it is not wetted by glass and reacts negligibly with it. The study substrate was placed about 7-8 mm above the upper glass surface. A high dynamic vacuum was then created to obtain a pressure of around 10 −5 Pa and the system was heated gradually. This step aimed to evacuate all gas residues lying between the glass sample and the carbon support. Afterwards a static pressure of purified helium was created and the system was heated again up to 1200 • C. The temperature was kept at this value as long as necessary (typically about 2 h) to refine the glass completely by removing any bubbles that had appeared during heating. Subsequently the temperature was lowered to the wetting temperature (T w ). When T w was reached, the glass drop on its carbon support was raised so as to initiate contact between its upper surface and the study substrate, gradually forming a pendular bridge between the substrates, Fig. 1 . As spreading of the drop over the substrate surface progressed under the action of capillary forces, the glass bridge abruptly became unstable. At that moment, most of the pendular drop detached from the carbon support to become a sessile glass drop hanging under the study substrate. Once the drop shape had stabilized, corresponding to the final contact angle, the system was cooled down naturally, Fig. 1 . At a system-dependent temperature called the "detachment temperature" (T d ), found to be lower than the vitreous transition temperature (T g ≈ 560 • C) by several hundred degrees, the "solidified" glass drops were observed to detach suddenly from the substrate. As detailed below, the temperature difference (T g −T d ) is used as an approximate measure to quantify the sticking of glass on the substrate. The cooling rate around T d was kept constant in all experiments equal to −10 K min −1 . The total glass loss throughout each experiment (glass refinement and spreading process) was less than 0.1 mg.
Most experiments were performed under conditions allowing complete deoxidization of steels; however, in glass container production the gas environment is air and steel molds are therefore oxidized. For this reason, it appeared interesting to study the influence of substrate oxidation on T d . A first attempt was made by oxidizing a RNOS substrate for 3.5 h at 450 • C in air, which led to the formation of an oxide film about 100 nm thick. Unfortunately this oxide film evaporated completely after heating in purified helium at 1034 • C for 30 min. A second attempt was then made by oxidizing the same substrate for 8 h at 860 • C to generate an oxide film about 1 m thick. As will be seen later, this oxide film was thick enough to allow a real wetting experiment to be performed on oxidized steel.
Several techniques were employed to determine the roughness and chemistry of the substrate and glass surfaces in contact. A Talysurf surface profilometer was used to measure roughness over areas of several mm 2 and an atomic force microscope for characterizing surface evenness defects with areas of several m 2 . In parallel, a scanning electron microscope with an energy-dispersive X-ray spectrometer was operated to obtain data on local chemistry.
Results
After preliminary experiments performed at T w ≥ 960 • C, the steel surface appears to be unoxidized. This is in contrast with experimental observations obtained for T w ≤ 860 • C, where oxidation of the free metallic surface is evidenced by strong coloration. It is worth pointing out that this oxidation requires direct contact between the glass and the metal. Indeed, an experiment carried out at T w = 860 • C, by placing the glass drop at about 1 mm from the steel substrate without direct contact, did not lead to any oxidation of the metallic surface. To avoid the complications due to such steel oxidation by glass at T w ≤ 860 • C, most wetting and sticking experiments were performed at T w ≥ 960 • C. 
Wetting
The main feature of the wetting curves in Fig. 2 , obtained for T w = 1034 • C, is the rapid decrease in contact angle during the first 100 s, followed by much slower spreading, leading in about 1000 s to the final contact angle θ f ≈ 70 • .
The effect of temperature on wetting curves is illustrated in Fig. 3 for three different values of T w . It may be noted that when T w increases from 960 to 1200 • C, the final angle is nearly the same: θ f = 70 ± 3 • . If θ f varies with temperature in this range, it does so within experimental accuracy on θ, i.e. by less than 3 • . In contrast, when T w is increased by 240 • C, the spreading time (t f ) decreases by one order of magnitude.
The effect of roughness on wetting is shown in Fig. 4 , where wetting curves for polished and blasted surfaces can be compared. It appears that the high roughness of the blasted surface (average roughness about of 1.3 m) has two consequences that are relatively small but reproducible and therefore significant. Firstly, roughness reduces the spreading rate at short times (t < 50 s). Secondly, roughness leads to a decrease in the final contact angle (θ f ) by 5-10 • . This second effect can be explained by Wenzel's equation [9] , which, for systems with θ f < 90 • predicts a decrease in the final contact angle with increasing roughness, that is to say with increasing real contact area. Table 2 summarizes the results concerning the final contact angle of glass on different substrates at T w = 1034 • C in a purified helium atmosphere. Contact angles on the three metallic substrates are lower than 90 • and differ only slightly from one another. The wetting observed on the metallic substrates contrasts with the non-wetting found on vitreous carbon, the final contact angle being 135 ± 5 • . It should be noted that the average roughness of Cv substrates af- Table 2 Final contact angles (θ f ) and detachment temperatures (T d ) of different glass/substrate systems in purified helium atmosphere for
RNOS steel 70 ± 3 170 ± 20 X25V steel 65 ± 3 100 ± 20 Pt 75 ± 3 <20 Cv 135 ± 5 300
ter the experiments remains at its initial value of a few nanometers.
Sticking
As mentioned above, cooling the glass/substrate system below the vitreous transition temperature (T g ≈ 560 • C) leads in most cases to spontaneous glass separation from the substrate at a well-defined and measurable detachment temperature (T d ). This separation is driven by relief of stresses generated by the difference in thermal expansion coefficients between the glass and the substrate.
Five experiments were carried out under similar conditions with the RNOS steel substrate, using the same glass mass (100 ± 3 mg), the same glass refinement temperature (1200 Table 2 . The use of X25V steel instead of RNOS causes a decrease in T d from 170 to 100 • C. With platinum, the glass drop remained stuck at room temperature; thus T d is less than 20 • C for Pt. Finally the glass/Cv system results in the highest detachment temperature, namely
Experiments carried out using polished (average roughness of 0.18 m) and blasted (average roughness of 1.3 m) surfaces of X25V steel yielded glass detachment from the substrate at the same temperature of 100 • C.
Intuitively, the energetics of interfacial delamination and hence the detachment temperature T d must depend on the geometry of the drop/substrate system. For sufficiently wide flat substrates and small (spherical cap shaped) drops, the main pertinent shape parameter is the contact angle θ, which governs in particular the geometric singularity at the triple line. To confirm that this parameter affects T d , two experiments were carried out with the glass/X25V steel system in which glass spreading was interrupted by cooling the sample before capillary equilibrium was attained. These two "interrupted spreading" drops respectively featured θ = 90 • , R = 2.6 mm and θ = 110 • , R = 1.7 mm. For these specimens, T d was found to be respectively 156 and 158 • C, values that An oxide film, 1-2 nm thick, naturally covers stainless steel surfaces in air at room temperature. During heating to the wetting temperature in the neutral atmosphere used here, this film was wholly removed by deoxidization, so that glass wetting was measured on non-oxidized steel surfaces. To study the effect of surface oxidation on sticking, a RNOS steel surface covered by an oxide layer 1 m thick (see Section 2) was used in a separate experiment. To minimize oxide volatilization and dissolution into the glass during the experiment, the wetting temperature was lowered to 860 • C. In view of the low rate of drop spreading at this temperature, the experiment was stopped before capillary equilibrium could be reached, at an instantaneous θ value of 105 • . As with a platinum substrate, this glass drop adhered to the substrate throughout the cooling cycle, down to room temperature (T d < 20 • C). During subsequent storage, this sample showed spontaneous internal cracking of the glass drop along a cone aligned with the drop axis. A continuous layer of oxide was still present along the glass/steel interface of this sample after the experiment, Fig. 5. 
Interface characterization
The glass/steel specimens exhibited two different behaviors during cooling, as mentioned above. With the oxidized steel, sticking down to room temperature was observed. With non-oxidized steel, detachment was observed before reaching room temperature. Fig. 6 presents the free surface of the RNOS steel around the zone of contact with the glass. The grain boundaries are more accentuated inside the zone of contact. A comparison of the roughness profiles of each zone, presented in Fig. 7 , shows that this accentuation is due to the formation of grain boundary grooves. These are deeper inside the zone of contact, indicating that contact with glass promotes steel grain boundary grooving. This observation is confirmed by AFM measurements of groove geometry: along the free surface the grooves are 0.15 ± 0.05 m deep and 1.6 ± 0.4 m wide, whereas in the zone of contact the grooves are 0.8 ± 0.1 m deep and 6.1 ± 0.5 m wide, respectively. On the basis of AFM analysis of the glass and steel contact surfaces, it clearly appears that the molten glass espouses perfectly the shape of grooves (see Fig. 8a ). Moreover the average roughness (R a ) of the glass and steel areas between the grooves is very close, at about 10 nm (see Fig. 8b ). For comparison, R a of a glass surface that has not been in contact with steel is only 1-3 nm. In addition, molten glass totally penetrates hollows a few micrometers in depth formed by micro-ball blasting, as seen on Fig. 9b .
On a macroscopic scale, glass/steel separation occurs along the interface. The glass was found not to contain constituents of the steel along the surface of former contact. When the interior of the metal grains was analyzed by SEM-EDX spectrometry, no constituents of the glass were found either; however, some glass constituents (Si, Na and Ca) were detected in the grain boundary grooves, as seen in Fig. 10 . AFM characterization shows that the presence of these constituents is due to glass particles that are retained in the grooves. Therefore, even if the overall rupture is of the adhesive type, it seems to be partly cohesive in the vicinity of the grain boundary grooves.
From the above results it is concluded that no reaction is detectable by SEM-EDX spectrometry in glass/non-oxidized steel systems. This conclusion is only valid for T ≥ 960 • C, since oxidation/reduction reactions occur between the glass and the steel at T ≤ 860 • C, as seen at the beginning of Section 3. But even at T ≥ 960 • C some limited glass/steel interactions must exist, as testified by a change from uncolored soda-lime glass to blue (RNOS) or violet (X25V) glass. It should be noted that similar changes in glass color are obtained by adding metallic oxides at ppm levels ( [10] , p. 196) and that the blue coloration can be attributed to the formation and the dissolution of CrO into the glass [11] .
Discussion

Wetting
Non-reactive wetting of oxides by molten metals is observed for couples in which mass transfer through the interface is very limited and has a negligible effect on the interfacial energies. Criteria for identifying a metal/oxide system as non-reactive are discussed in [12] . A strong indication of non-reactive wetting is given by a very small variation in final contact angle with temperature, typically −0.01 • K −1 . The same behavior was found here for the molten soda-lime glass/RNOS steel system: the final contact angle (θ f ) hardly varies with temperature within the range 960-1200 • C. This result, together with the interface characteristics, leads to the conclusion that molten soda-lime glass/stainless steel systems are non-reactive from the point of view of wetting above 960 • C in a neutral atmosphere. If this conclusion is true for metallic substrates containing alloying elements having a high affinity for oxygen such as chromium, it is a fortiori true for a noble metal such as Pt.
Molten soda-lime glass does not wet a Cv substrate, the measured final contact angle (θ f ) being in the 130-140 • range. With a surface energy of molten soda-lime glass, σ LV ≈ 0.35 J m −2 ([10], p. 271), the calculated work of adhesion, W a = σ LV (1 + cosθ f ) , is about 0.1 J m −2 . These θ f and W a values are typical of systems in which adhesion is ensured by van der Waals' interaction alone ( [13] , p.320).
Molten soda-lime glass wets metallic substrates well. With θ f = 70 • , W a is about 0.5 J m −2 . Both the θ f and W a values are very different from those obtained for molten soda-lime glass on vitreous carbon. The first hypothesis is to suppose that, even in non-reactive glass/metal systems, adhesion may be due to chemical interactions that are entirely localized at the common interface. In the case of steel substrates, such interactions could take place between the oxygen of the glass and the chromium of the steel, a metallic element that has a strong affinity with oxygen; however, similar θ f and W a values were obtained for molten soda-lime glass on Pt, a metal that is not expected to develop chemical interactions with an oxide in a neutral atmosphere.
In sessile drop experiments performed by Pask and co-workers with a molten 66% SiO 2 -34% Na 2 O sodium silicate glass (which is similar to soda-lime glass) on various metals (Cu, Ag, Au and Pt) under helium, the final contact angles were found to be in the 60-70 • range [14] . This agrees with the present results, showing that the wetting of metals by molten glass in neutral gas atmospheres appears not to be very sensitive to the nature of the metallic substrate. This strongly suggests that adhesion in non-reactive glass/metal systems is ensured mainly by physical interactions.
Exactly the same conclusion has been drawn from analyses of wetting data for non-reactive systems consisting of a liquid metal drop, such as Cu, Ag, Au, Ni and Fe, on ionocovalent oxides such as Al 2 For non-reactive liquid metals on ceramic or metallic substrates, the time needed for millimeter-sized drops to reach the final contact angle is very short, on the order of 0.01 s [15] . As Fig. 3 shows, glass spreading can continue for minutes and even tens of minutes depending on the temperature. Obviously this is because the viscosity of glasses (η) is several orders of magnitude higher than that of metals. For instance η of soda-lime glass is about 360 Pa s at 1100 • C [16] , whereas molten Au and Cu have a viscosity of a few mPa s at the same temperature. Extensive experimental studies have been performed at room temperature with low-temperature liquids, such as polymers or silicon oils. These investigations showed that, in the case of liquids producing perfect wetting, the experimental values of the instantaneous contact angle θ plotted as a function of the reduced spreading rate, z = (η/σ LV )(dR/dt), lie on a single curve [17] . The final contact angle for molten soda-lime glass/steel systems between 960 and 1200 • C is not zero, but it is nearly constant at about 70 • . In Fig. 11 , we can see that, here too, the experimental points lie on the same θ(z) curve whatever the temperature. Since the coefficient of variation of σ LV with temperature is very weak, typically as low as 10 −4 J m −2 K −1 [17] , the curve in Fig. 11 suggests that the glass spreading rate is governed by viscous friction. A more detailed discussion of spreading kinetics in glass/metal systems will be presented elsewhere [18] .
Sticking
As detailed above, there is a marked difference across material pairs investigated here in the temperature T d at which the solidified drop detaches spontaneously from the substrate. It is tempting to use this observation and the as- sociated data for an evaluation of sticking from system to system. To this end, we adopt a crude approach, based on simplified energetic arguments.
A linear elastic bimaterial edge such as the region surrounding a sharp triple line is known to be a site of stress singularity (e.g. [19, 20] and references therein). For the geometry and materials of present interest, this is confirmed by finite-element simulations conducted by one of the present authors (M. Braccini, work in progress). Also, by analogy with the case of a thin film with θ = /2, which has been analyzed extensively given its practical importance, initial propagation of a very small crack nucleated along the triple line is expected to be driven by roughly the same rate of elastic energy release (G) as a long interfacial crack [21, 22] . These facts taken together indicate that crack nucleation is not expected to be limiting. We therefore attempt to differenciate between samples by focusing on the energetics of crack propagation during drop interfacial detachment; to this end, we take a very simplified approach.
Clearly, the driving force for drop detachment is in the elastic energy that builds up during cooling due to thermal contraction mismatch between the substrate and the drop. A simple expression is proposed in [23] for the stored elastic energy U e,A built-up due to differential contraction in an elastic cylinder of material (A), radius r and height h that is bonded end-on-end to another elastic cylinder of the same radius but made of a different material (B), after a change T in temperature from an initial stress-free state:
where subscripts A and B denote properties of materials A and B respectively, α the coefficient of thermal expansion, . E Young's modulus, and erf(x) the error function. In the present experiments, at the moment of drop detachment, T = T g -T d where T g ≈ 560 • C. We assimilate the glass drop to a cylinder having the same circular cross-section πr 2 as the drop/substrate interfacial contact area and of height h giving the appropriate drop volume, and the substrate to a cylinder of equal radius and height h equal to the substrate thickness. The total stored elastic energy U e = U e,S + U e,D (where subscripts S and D stand for substrate and drop, respectively) at the moment of drop detachment can then be estimated using the above expression; values are given in Table 3 . Steel substrate yield stresses (above 400 MPa at temperatures up to 600 • C) are sufficiently high that the estimated stored energy is changed by only 50% if substrate yielding is taken into account using results of [23] ; for simplicity we ignore this effect. Table 3 shows that the ratio of the estimated stored elastic energy U e at the moment of drop detachment to the measured interfacial energy of adhesion U ad :
is relatively constant, varying between 400 and 980, Table 3 (for comparison, U ad varies by one order of magnitude). This can be explained if we assume that (i) the driving force for crack propagation (namely the rate of release of elastic energy G) upon drop detachment is proportional to the stored elastic energy U e per unit interface area and (ii) that the critical value of G is proportional to the work of adhesion W a . We also note that, if most of the stored elastic energy is consumed in crack propagation, observed ratios of U e /U ad should be of the same order of magnitude as the ratio G/W a . Observed values of U e /U ad are, indeed, of the same order of magnitude (between 10 2 and 10 3 ) as measured ratios of metal/ceramic interfacial fracture energy to interfacial work of adhesion [24] or of the fracture energy of cleaving metals to their surface energy [25] . We thus use this simplified approach to interpret sample-to-sample variations in the drop detachment temperature T d . With non-oxidized steels, T d values are within the range 100-170 • C. Variations are not far from experimental error (of 40 • C); they are also too small to be reasonably accounted for by as simple a calculation as that presented here. We note nonetheless that the slight increase in detachment temperature that is found with the interrupted (higher apparent θ) experiments on X25V steel is roughly explained as the result of a smaller contact area for a constant drop volume.
With a Pt substrate, sticking is preserved at room temperature: this is explained by the very low value of α for the glass/Pt couple, Table 3 . With vitreous carbon substrates, detachment is observed after a temperature excursion of 260 • C despite the very low work of adhesion: this is due to the low elastic modulus of the substrate, causing the rate of increase of stored elastic energy with increasing T to be far lower than with steel substrates.
With a RNOS substrate, the detachment temperature is lowered from 170 • C for non-oxidized steel to less than 20 • C for oxidized steel. This can be attributed, at least in part, to the increase in W a that accompanies the change in glass/metal interface nature from physical to chemical bonding. For a work of adhesion W a of 0.7 J m −2 , equal to twice the glass surface energy σ LV ≈ 0.35 J m −2 ([10], p. 271), the detachment temperature can be estimated by the present calculation assuming a ratio of the stored elastic energy to the interfacial energy of adhesion (U e /U ad ) equal to 10 3 consistent with previous results. The predicted T d is then about 100 • C and not 20 • C or below for oxidized RNOS steel. This explains the room-temperature sub-critical cracking of the glass that was observed in these samples, but also indicates that additional factors must intervene to prevent drop detachment during cool-down, as this could occur by fracture through the glass along the interface. Such factors may include modification of the glass near the interface by chemical interaction with the oxide (see above, Section 3.3), the mechanical influence of the intermediate layer of oxide between the glass and the substrate, or environmental effects.
Overall, it is significant that, whatever the steel surface state, be it oxidized or non-oxidized, T = T g −T d is high, reaching several hundred degrees. In glass container production, low values are needed: the centrifugation process requires for instance T values of only a few K or tens of K, depending on process specifics. These far lower values of T obtained in industrial practice are due to differences in the microscopic configuration at the glass/metallic mold interface. Partial interfacial contact obtains in industrial specimens, in contrast to the true interfaces of full metal/glass contact that are generated with the present sessile drop experiments. This partial interfacial contact is, in turn, a combined result of the high cooling rates applied in industrial processing and the high viscosity of molten glass. The question is examined in detail elsewhere [26] .
Conclusion
Characterization of stainless steel and glass surfaces after separation, using a surface profilometer, AFM and SEM with an EDX spectrometer, leads to the conclusion that there is no significant chemical reaction between glass and stainless steel in a neutral gas environment and at T ≥ 960 • C. The main effect of glass/steel interaction is an enhancement of grain boundary grooving on the stainless steel surface.
Wetting experiments involving molten soda-lime glass on different substrates, performed by the "transferred drop" version of the sessile drop technique, show that the glass wets stainless steel with a final contact angle (θ f ) close to 70 • . Temperature has a negligible effect on θ f but strongly affects the spreading rate. As with non-reactive liquid metal/ionocovalent oxide systems, interfacial bonding governing wetting and adhesion in these glass/metal systems appears to involve only physical force contributions.
Whatever the temperature in the range 960-1200 • C, all instantaneous contact angles (θ) versus reduced spreading rate z = (η/σ LV )(dR/dt) obtained for the same glass/metal couple lie on a single curve. This suggests that viscous friction alone governs spreading kinetics.
Sticking is quantified by the difference in temperature T between the vitreous transition temperature and the temperature of glass detachment from the substrate. For non-oxidized stainless steels, T is several hundred K. An enhancement of sticking is observed with Pt and with oxidized stainless steels, leading in both cases to sticking down to room-temperature. A simple energy balance is used to relate T to the difference in thermal expansion coefficient between the substrate and the glass ( α), to the elastic parameters and geometry of contacting phases, as well as to the work of adhesion (W a ) of the glass/substrate system.
